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Membrane proteins are responsible for many critical cellular functions and identifying cell surface proteins on
different keratinocyte populations by proteomic approaches would improve our understanding of their biological
function. The ability to characterize membrane proteins, however, has lagged behind that of soluble proteins both
in terms of throughput and protein coverage. In this study, a membrane proteomic investigation of keratinocytes
using a two-dimensional liquid chromatography (LC) tandem-mass spectrometry (MS/MS) approach that relies on a
buffered methanol-based solubilization, and tryptic digestion of puriﬁed plasma membrane is described. A highly
enriched plasma membrane fraction was prepared from newborn foreskins using sucrose gradient centrifugation,
followed by a single-tube solubilization and tryptic digestion of membrane proteins. This digestate was fraction-
ated by strong cation-exchange chromatography and analyzed using microcapillary reversed-phase LC-MS/MS. In
a set of 1306 identiﬁed proteins, 866 had a gene ontology (GO) annotation for cellular component, and 496 of these
annotated proteins (57.3%) were assigned as known integral membrane proteins or membrane-associated proteins.
Included in the identiﬁcation of a large number of aqueous insoluble integral membrane proteins were many known
intercellular adhesion proteins and gap junction proteins. Furthermore, 121 proteins from cholesterol-rich plasma
membrane domains (caveolar and lipid rafts) were identiﬁed.
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The membrane proteome of a keratinocyte is comprised of
an ensemble of membrane proteins whose presence is de-
pendent on a given set of in situ conditions and is influenced
by both the anatomical location and cellular differentiation
status. Comprehensive profiles of membrane proteins in
keratinocyte populations will facilitate our understanding of
their critical roles in biological processes such as cell-to-cell
adhesion, cell signaling, and ion transport. Additionally,
profiling cell surface proteins will increase our understand-
ing of the biology of different keratinocyte populations and
facilitate target identification for developing biomedical
therapeutics (Luche et al, 2003; Wu and Yates, 2003). Com-
prehensive profiles for this class of proteins, however, are
not yet available, in part, because enumeration of existing
databases of keratinocyte proteins have relied on traditional
two-dimensional polyacrylamide gel electrophoretic (2D-
PAGE) approaches that have proved inadequate for anal-
yzing integral membrane proteins (Celis et al, 1995). Con-
sequently, more efficient approaches that utilize innovative
sample preparation and fractionation methods with mass
spectrometry (MS) identification are required to improve the
representation of membrane proteins in such global pro-
teomic analyses.
Global proteome analysis of soluble proteins has pro-
gressed to the point to where thousands of cellular proteins
can be identified (Koller et al, 2002). In a typical shotgun
proteome analysis, cells are lysed and the soluble proteins
are separated from insoluble proteins via centrifugation
(Washburn et al, 2001). After proteolytic digestion, typically
using trypsin, the resulting peptides are separated via mul-
tidimensional liquid chromatography (LC) and identified by
tandem MS (MS/MS) that provides sequence information
from which the peptide, and hence the protein, can be
identified. Unfortunately, because of their lack of solubility in
aqueous buffers, no approach that parallels the simplicity of
these methods has been developed for membrane proteins
(Luche et al, 2003; Wu and Yates, 2003). Further, sufficient
experimental evidence exists to suggest that conventional
2D-PAGE-based proteomic techniques lack the capability
for separation and subsequent MS identification of mem-
brane proteins as currently achievable for soluble proteins
(Santoni et al, 2000; Wu and Yates, 2003). In an effort to
redress these issues, several solution (i.e., non-gel)-based
methods for global analysis of membrane proteins have
been developed with the aim of circumventing the short-
comings of 2D-PAGE-based methods. These methods
typically use detergents or strong organic acids to first
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solubilize the membrane proteins prior to enzymatic and/
or chemical proteolysis (Han et al, 2001; Washburn et al,
2001). A recently described method employs a non-specific
proteolytic cleavage of the extracellular, hydrophilic do-
mains of integral membrane proteins that avoids the
necessity to solubilize the entire integral membrane pro-
tein (Wu et al, 2003). This method does not disrupt the
phospholipid bilayer, thus prevents digestion, and hence,
subsequent MS identification, of the membrane-spanning
domains of integral membrane proteins. Although many of
these recently advanced solution-based approaches pro-
vide for wide membrane proteome coverage, they lack the
simplicity and/or experimentally controlled proteolytic spe-
cificity of current methodologies available for proteomic
analysis of soluble proteins.
In this study, a single-tube extraction, solubilization, and
digestion technique that permits complete solubilization
and direct analysis of conventional tryptic fragments of
membrane proteins was used to analyze the keratinocyte
plasma membrane proteome isolated from human epider-
mal sheets. The ability to effectively analyze tissues is of
critical importance because the cellular and membrane
proteomes of cultured cells may not accurately resemble
those in situ. In addition to identifying membrane proteins, it
is critically important that any given technique be suitable
for conducting quantitative proteome analyses of mem-
brane proteins to compare the expression level of proteins
in different keratinocyte populations.
To enhance our understanding of epidermal biology, we
aimed to obtain an extensive proteomic database of ep-
idermal membrane proteins. Currently, proteomic databas-
es of membrane proteins are lacking. Keratinocyte plasma
membranes of newborn foreskins were isolated via su-
crose-density gradient centrifugation and a buffered meth-
anol solution was used to solubilize the membrane proteins,
which were subsequently digested with trypsin in the same-
buffered methanol solution. This digestate was fractionated
using strong cation exchange liquid chromatography
(SCXLC) prior to microcapillary reversed-phase (mRP) LC-
MS/MS analysis. The results presented show that this sim-
ple technique not only provides the ability to identify large
numbers of membrane proteins, but also enables identifi-
cation of the actual membrane-spanning domains within
these proteins.
Results and Discussion
The focus of this study was to develop and utilize a high-
throughput strategy to conduct a proteomic analysis of
keratinocyte membrane proteins. The overall approach has
been applied to enriched plasma membranes from epider-
mal cells that were solubilized and enzymatically digested in
a buffered methanol solution. The key aspect of this ap-
proach is that complete and efficient tryptic digestion of
solubilized membrane proteins can be carried out without
requiring detergents or non-specific enzymatic proteolysis,
enabling subsequent multidimensional fractionation strate-
gies such as those widely employed in many proteomic
investigations of global cell lysates. This strategy was
developed and applied to a plasma membrane fraction
purified from human epidermal sheets, isolated from new-
born foreskins. The plasma membrane enrichment was
determined by immunoblotting for a6 integrin, a known
component of the keratinocyte plasma membrane (Son-
nenberg et al, 1991) and fractions 9, 10, and 11 were pooled
for analysis (Fig 1). Proteins were solubilized by sonication
in a 60% methanol-buffered solution and directly digested
with trypsin. Previous studies conducted in our laboratory
have shown that although the activity of trypsin is reduced
in the presence of 60% methanol, it remains sufficient to
completely digest proteome samples for downstream MS/
MS peptide identification (Blonder et al, in press). The tryp-
tic peptides were resolved into 80 fractions using SCXLC.
Each of these SCXLC fractions were analyzed by mLC-MS/
MS resulting in the identification of 2875 unique peptides
corresponding to 1306 proteins. The complete list of the
proteins identified in this analysis, along with the peptides
from which they were identified, is provided in supplemen-
tary Table S1.
A gene ontology (GO) annotation of molecular function,
biological process, or cellular component was present for
1068 of the 1306 proteins, and 866 proteins had a GO an-
notation for cellular component or cellular location with 496
(57.3%) classified as either known integral membrane or
membrane-associated proteins, including both plasma
membrane and intracellular membrane proteins (Fig 2A). If
a comparable percentage of the 440 (1306–866) identified
proteins not yet assigned a GO annotation for cellular lo-
cation are also membrane proteins, an additional 252
(440  57.3%) membrane proteins would be identified for
a total of 748 membrane proteins. Within the population of
integral membrane proteins, 58 (11.7%) are annotated
in the database as receptor proteins (supplementary Table
S2). This classification of receptor proteins was limited to
Figure1
Immunoblot analysis of a6 integrin in sucrose gradient fractions,
spotted on Immobilon-P membrane. (A) Undiluted crude epidermal
lysate fractions: dots 1–16, diluted in phosphate-buffered saline (PBS)
at 1:100: dot 17; pellet after centrifugation at 6000  g diluted in PBS at
1:100: dot 18; pellet after centrifugation at 12,000  g, diluted in PBS at
1:10: dot 19; pellet after centrifugation at and 80,000  g, undiluted:
dot 20. (B) Control. The membrane was incubated either with goat anti-
a6 integrin antibody (A) or the isotype control antibody (B).
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proteins that contained the word ‘‘receptor’’ in their anno-
tated description and therefore the list of identified receptor
proteins is likely much greater. Although such classifications
are highly dependent on both the accuracy and complete-
ness of the database annotation, these results suggest that
the methanol-based extraction, solubilization, and digestion
employed in this study represents an efficient sample prep-
aration strategy for global membrane proteomic investiga-
tions of tissues, utilizing multidimensional fractionation and
MS/MS. Considering that approximately 20–30% of open
reading frames (ORF) in the genome are predicted to en-
code for membrane proteins (Wallin and von Heijne, 1998),
it is evident that a significant enrichment of membrane
proteins (57%) is achievable with this approach. Although
considerable membrane proteins enrichment was achieved,
a notable population of intracellular proteins was also
identified. Whereas there are many possible explanations,
related mostly to sample preparation, a significant amount
of cytosol is captured within the plasma membrane vesicles
during cell lysis and released later via the solubilization
process.
In this investigation, 223 (of the 1306) proteins were
identified as hypothetical proteins (supplementary Table
S1), representing proteins that have not been well charac-
terized and are lacking GO annotations. We sought to better
understand the molecular nature of these hypothetical pro-
teins and conducted an analysis to map putative helical
transmembrane-spanning domains within these proteins. Of
the 223 hypothetical proteins identified, 104 (46%) are pre-
dicted to contain at least one transmembrane domain, as
shown in Fig 2B. Of these, 26 (25%) were predicted to
contain six or more transmembrane domains with a single
protein predicted to contain 23 transmembrane domains.
One such protein (accession number Q9BTV4) is predicted
to contain four transmembrane helices and although no in-
formation regarding the functional significance or cellular
location of this protein is known for human cells, this protein
has 97% amino acid identity to a mouse protein that has
been shown to be expressed within the several different
tissue types including hematopoietic stem cells and skin
and has been mapped to the integral membrane (http://
genome-www5.stanford.edu/cgi-bin/sourceResult). Anoth-
er hypothetical protein (Q9ULK5) was found to contain four
putative transmembrane domains. This protein has 89%
amino acid identity to the loop tail-associated protein (LTAP)
in mouse, as shown in supplementary Fig S1. Mouse LTAP
has been shown to be an integral membrane protein in-
volved in morphogenesis of the embryonic epithelium (Kibar
et al, 2001). Although present in a number of different tissue
types, it is prominently expressed in blastocyst, trophoblast
stem cells, and the neuroectoderm throughout early neuro-
genesis. Mouse LTAP has four mapped transmembrane
domains that show good agreement with TMHMM mapping
of the human homolog identified within this study. The hy-
pothetical protein Q9ULK5 also contains the C-terminal
PDZ domain (ETSV) as in the mouse homolog. Because
these proteins are annotated as hypothetical, no direct ev-
idence of their cellular location is available. The hypothetical
proteins identified in this study, however, may represent
novel keratinocyte membrane proteins, considering the
number of predicted transmembrane segments and the
high-level enrichment for membrane proteins in this study.
A recent proteomic analysis of membrane and soluble
proteins from rat brain lysate by multidimensional protein
identification technology (MudPIT) succeeded in the iden-
tification of 1610 proteins of which 454 (28%) were pre-
dicted to be integral membrane proteins (Wu et al, 2003). In
this study, we were able to identify 496 integral membrane
proteins from human epidermis, representing 57% of the
proteins with a GO annotation for cellular location. Although
these studies were carried out on different tissues and em-
ployed dissimilar sample preparation strategies in terms of
protein isolation, solubilization, and enzymatic digestion,
the results indicate that both approaches allow comparable
results in terms of protein identifications and corresponding
membrane protein coverage.
Figure 2
Cellular location based on gene ontology (GO) annotation. (A) The
numbers indicate the GO analysis, including cellular location, of the
1306 identified proteins. (B) The number of putative transmembrane
domains present in the 223 hypothetical proteins mapped by TMHMM
algorithms.
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Whereas the number of identified proteins is an important
metric by which to judge the efficacy of a global proteomic
analysis, a key aspect to bona fide protein characterization
is the extent of protein coverage achievable for each protein.
For membrane proteomic analysis, the ability to identify
membrane-spanning peptides provides a reasonable meas-
ure of the efficiency of the sample preparation technique for
disrupting interactions between the protein and the lipid
bilayer. The ability to identify membrane-spanning peptides
from a preparation employing a standard tryptic digestion
depends on the ability of trypsin to gain access to acces-
sible arginyl or lysyl residues near or within the membrane-
imbedded domain. The ability of this sample preparation
technique to characterize hydrophobic integral membrane
proteins from complex mixtures is exemplified in Fig S2,
which shows the identification of the facilitated glucose
transporter member 1 (GLUT 1) protein, a widely distributed
constitutive transporter protein whose expression has been
linked to neoplastic transformation of malignant epithelial
tissues (Baer et al, 1997). Six peptides were identified from
this protein, including the membrane-spanning peptide
SFEMLILGR. In addition, peptides that are part of the mem-
brane-spanning domains for the neutral amino acid trans-
porter B and CTL2 proteins were also identified (Table I). The
majority of identified proteins shown in Table I and supple-
mental Table S2 are localized within the plasma membrane,
which indicates efficient solubilization and disruption of the
lipid bilayer allowing direct tryptic digestion of integral mem-
brane domains. For each protein in Table II, many of which
are rarely seen in typical 2D-PAGE-based data sets, the
corresponding GRAVY value is calculated; a positive value
indicates that a protein is aqueous insoluble.
Identiﬁcation of keratinocyte adhesion proteins The
number of identified proteins and the extent of their cov-
erage are important measures by which to judge the effi-
cacy of a global proteomic analysis. The utility of the
proteomic approach can also be validated by the degree of
the coverage of known plasma membrane proteins previ-
ously characterized using non-MS based methods.
Cell adhesion is a complex and well-coordinated phys-
iological process that is vital for maintaining the barrier and
facilitating the overall biological function of the epidermis.
The intercellular adhesion apparatus of the human epider-
mis is comprised of four distinct types of cell-to-cell junc-
tions: tight junctions, adherens junctions, desmosomes,
and gap junctions, whereas cell-to-matrix junctions are
comprised of hemidesmosomes and focal contacts (Hen-
tula et al, 2001) (Fig 3). Most of the plasma membrane and
membrane-associated proteins known to part of these ad-
hesion structures have been identified in this proteome
analysis. Tight junctions are the most apical component of
the junctional complex in simple epithelia and contribute to
apical–basolateral polarity, whereas in the epidermis, tight
junctions are located in the granular and upper spinous
layers (Tsuruta et al, 2002) (Fig 3). In both types of epithelia,
tight junctions are involved in controlling permeability and
diffusion of solutes. Each tight junction contains three
classes of integral membrane proteins: claudins, junction
adhesion molecules, and occludins (Furuse et al, 2002). As
shown in Tables I and II, claudin 1 and claudin 3, both of
which contain four transmembrane domains and junctional
adhesion molecules were identified in this analysis. Adher-
ens junctions are situated distally from tight junctions and
are cadherin-dependent adhesive structures that are intri-
cately linked to the actin microfilament network that
provides for epidermal integrity. The cadherins are calci-
um-dependent integral membrane proteins, which form
typical cadherin–catenin complexes that function as key
regulators of spatial tissue organization and cell movement
and may also transmit information from the environment
(Perez-Moreno et al, 2003). Both integral membrane and
membrane-associated adherens junction proteins were un-
ambiguously identified, including cadherin 1, cadherin 3, a1
catenin, a2 catenin, bcatenin, and d1 catenin (Fig 3, Table II,
and supplemental Table S1).
Desmosomes form disc-like plaques that anchor the in-
termediate-filament cytoskeleton to the plasma membrane
via the non-glycosylated intracellular attachment proteins
(plakins and armadillo proteins) although they simultane-
ously maintain cell-to-cell adhesion with glycosylated
integral membrane linker proteins (desmogleins and des-
mocollins) (Moll and Moll, 1998; Jamora and Fuchs, 2002).
All known desmogleins were unambiguously identified, as
were desmocollins 1 and 3. Additionally, membrane-asso-
ciated proteins of the plakin protein family were identified
(desmoplakin, periplakin and envoplakin), as were members
of the armadillo protein family (plakoglobin, plakophillin
1 and 2).
Gap junctions are clusters of tightly packed intercellular
plasma membrane proteins that form channels to allow the
passage of inorganic ions and other small water-soluble
molecules between the cells (Kelsell et al, 2001). Gap junc-
tions are made up of six hydrophobic protein subunits
called connexins (Kelsell et al, 2001). All four known gap
junction connexin proteins present in the epidermis (C  26,
C  30, C  31, and C  43) were identified in our investi-
gation of the keratinocyte membrane proteome (Fig 3).
Hemidesmosomes are cell–matrix junctions that mediate
adhesion of the keratinocytes to the underlying basal mem-
brane (Fig 3) (Sonnenberg et al, 1991). Hemidesmosomes
are connected to laminin 5 in the basal lamina via the in-
tegrins a6 and b4 (Sonnenberg et al, 1991). These and other
integrins were identified in this study, including integrins a2,
a3, aV, and a6 (e.g., the marker used for plasma membrane
enrichment) as well as b1, b2, b4, and b6.
Identiﬁcation of caveolar and lipid raft proteins The
feasibility of this method for conducting global membrane
proteomic analyses is emphasized by its ability to identify
proteins that are known to colocalize within cholesterol-en-
riched microdomains of the plasma membrane, indicating
the potential of developed approach for global proteomic
analysis of the proteins residing within these very important
functional substructures of the plasma membrane.
Caveolae are small (70 nm wide), flask-shaped, plas-
ma membrane invaginations that, because of their high
cholesterol and glycosphingolipid content, are often viewed
as a distinct form of lipid rafts (discussed below) (Parton,
2001; Schnitzer, 2001; Sando et al, 2003). Caveolae, how-
ever, are distinguished from lipid rafts by the presence of
the cholesterol-binding protein caveolin-1 that appears to
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be responsible for stabilizing their invaginated structure
(Parton, 2001). Caveolae are involved in vesicular trafficking
and signal transduction in different tissues and cell types
(Schnitzer, 2001). As shown in supplemental Table S3, we
identified five peptides (35% of its sequence) from caveolin-
1 along with nine other confirmed caveolar marker proteins
Table I. Selected subset of membrane proteins identiﬁed from keratinocyte plasma membranes
Description Accessiona GRAVYb TMDc Peptided Protein location
Glucose transporter type 1 P11166 0.532114 12 6 Plasma membrane
Sodium/potassium ATPase, a-1 brane P05023 0.011241 10 24 Plasma membrane
Calcium-transporting ATPase 1 P20020 0.176391 10 12 Plasma membrane
CD9 antigen P21926 0.481057 4 4 Plasma membrane
Cation channel TRPM4B Q8TD43 0.029983 6 4 Plasma membrane
Oligosaccharyl transferase P46977 0.237873 13 6 Plasma membrane
Chloride channel protein 7 P51798 0.23851 10 2 Plasma membrane
Gap junction alpha-1 protein P17302 0.22021 4 5 Plasma membrane
Gap junction beta-2 protein P29033 0.28761 4 3 Plasma membrane
Transmembrane protein PT27 Q9HC07 0.32716 5 2 Plasma membrane
Monocarboxylate transporter 1 (MCT 1) P53985 0.348001 11 2 Plasma membrane
DB83 protein P57088 0.42915 3 4 Plasma membrane
Sodium/hydrogen exchanger 1 P19634 0.208711 12 2 Plasma membrane
Claudin-1 O95832 0.53365 3 4 Plasma membrane
Claudin-3 O15551 0.605 3 2 Plasma membrane
Choline transporter-like protein Q8WWI5 0.54551 10 3 Plasma membrane
Neutral amino acid transporter Q15758 0.643807 10 4 Plasma membrane
Equilibrative nucleoside transporter Q99808 0.684615 11 2 Plasma membrane
Large neutral amino acids transporter Q01650 0.739053 11 4 Plasma membrane
Defender against cell death P46966 0.824779 3 2 Plasma membrane
CTL2 gene Q8IWA5 0.397592 10 4 Plasma membrane
Clathrin-coated vesicle proton pump Q93050 0.019134 8 5 Plasma membrane
Potassium-transporting ATPase a chain 1 P20648 0.073114 9 2 Plasma membrane
Probable cation-transporting ATPase Q9HD20 0.114037 10 3 Plasma membrane
Solute carrier family 12 member 7 Q9Y666 0.120037 12 2 Plasma membrane
Lysophosphatidic acid acyltransferase Q9NRZ7 0.142287 4 2 Plasma membrane
Transmembrane 9 superfamily member 2 Q99805 0.271795 9 2 Plasma membrane
Transmembrane 9 superfamily member 3 Q9HD45 0.24584 9 4 Plasma membrane
Transmembrane 9 superfamily member 4 Q92544 0.1712 9 4 Plasma membrane
BA207C16.3–hypothetical protein Q9NQL6 0.258334 9 4 Plasma membrane
HSPC121 Q9P035 0.018767 5 2 Plasma membrane
Translocation protein SEC63 homolog Q9UGP8 0.681159 3 5 Plasma membrane
Vacuolar ATP synthase P27449 1.04 3 2 Vacuolar
Vacuolar proton translocating ATPase Q9Y487 0.129206 6 2 Vacuolar
T cell immune response cDNA7 protein Q13488 0.180121 7 3 Vacuolar
Transport protein Sec61 P38378 0.56 10 4 ER
Endoplasmic reticulum calcium ATPase P16615 0.096641 10 7 ER
Mannosyltransferase (Not56-like protein) Q92685 0.475571 8 2 ER
aAccession number, Swiss-Prot Release of 08/22/03.
bGRAVY value calculated using ProtParam tool at http://us.expasy.org/
cNumber of mapped transmembrane domains by the transmembrane hidden Markov model (TMHMM).
dNumber of peptides identified.
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such as vesicle-associated membrane protein-2 (VAMP-2)
and N-ethylmaleimide-sensitive attachment protein (SNAP-
a), a structural protein involved in the docking and fusion of
caveolar vesicles to the targeted membrane.
The ability of this methodology to identify, with extensive
sequence coverage, structural caveolar proteins cannot be
attributed solely to efficient plasma membrane enrichment.
Based on the fact that cholesterols are soluble in alcohols,
it is likely that methanol, unlike non-ionic detergents, effi-
ciently disrupts and solvates the cholesterol thereby disas-
sembling the caveolar structure and any protein localized
within these microdomains (Bar, 1984). A survey of the list of
identified proteins for the presence of known (or proposed)
proteins from lipid rafts, cholesterol-rich membrane do-
mains, substantiates this hypothesis.
Lipid rafts are characterized by elevated levels of cho-
lesterol, glycosphingolipid, and phospholipids that contain
saturated fatty acyl chains (Simons and Ikonen, 1997). Be-
cause of the high levels of cholesterol, lipid rafts exhibit
more rigidity than the surrounding membrane and are in-
soluble in non-ionic detergents, hence their signature phys-
ical property (Simons and Ikonen, 1997). Although this
method did not specifically target lipid rafts, it is critical that
proteins present in these specialized microdomains be rep-
resented in the list of identified proteins if such an approach
is to be considered as an effective strategy for global anal-
ysis of plasma membrane proteins. A number of authentic
and previously characterized lipid raft proteins, such as
flotilin-1 were unambiguously identified in this study (sup-
plementary Table S4). Notably, three isoforms of the very
hydrophobic, multipass, integral membrane proteins V-
ATPase were identified.
Recently, the results of two global proteomic analyses
focused on lipid rafts have been reported (Foster et al, 2003;
Li et al, 2003). In one of these studies, monocyte lipid rafts
were solubilized and fractionation by polyacrylamide gel
electrophoresis, followed by in-gel digestion and MALDI-
MS/MS identification of the gel-resolved proteins (Li et al,
2003). Fifty-two putative lipid raft proteins were identified (Li
et al, 2003) of which we identified 40 (i.e., 76%). The second
report was a quantitative study of differentially labeled
lipid raft proteins isolated from HeLa cells that were quan-
tified and identified based on their differential expression
between the cholesterol-depleted plasma membrane frac-
tion and the cholesterol-non-depleted plasma membrane
fraction (Foster et al, 2003). Microcapillary LC-MS/MS iden-
tified 241 lipid raft proteins (Foster et al, 2003). We identified
104 (i.e., 43%) of the proteins identified in this study. A
Table II. Identiﬁed transmembrane linker/receptor proteins within the keratinocyte adhesion apparatus
Description Accessiona Location Peptideb TMDc GRAVYd
Claudin-1 O95832 Tight junction 4 4 0.53365
Claudin-3 O15551 Tight junction 2 4 0.605
Junction adhesion molecule Q9Y624 Tight junction 5 1 0.091973
Cadherin-1 P12830 Adherens junction 4 1 0.35136
Cadherin-3 P22223 Adherens junction 2 1 0.403498
EGF-receptor P00533 Plasma membrane 8 1 0.316033
Na,K-ATPase, b-3 P54709 Plasma membrane 8 1 0.144086
Desmoglein 1 Q02413 Desmosome 11 1 0.275119
Desmoglein 2 Q14126 Desmosome 3 1 0.305640
Desmoglein 3 P32926 Desmosome 6 1 0.201301
Desmocollin 1 Q08554 Desmosome 6 1 0.441275
Desmocollin 3 Q14574 Desmosome 6 1 0.403013
Gap junction a1 (C  43) P17302 Gap junction 5 4 0.22021
Gap junction b2 (C  26) P29033 Gap junction 3 4 0.28761
Gap junction b3 (C  31) O75712 Gap junction 1 4 0.047778
Gap junction b6 C  30) O95452 Gap junction 1 4 0.054789
Integrin a2 P17301 Adherens 10 1 0.099915
Integrin aV P06756 Adherens 3 1 0.219638
Integrin a6 P23229 Adherens 13 1 0.407611
Integrin b1 P05556 Adherens 5 1 0.406516
Integrin b2 P05107 Adherens 6 1 0.315604
Integrin b4 P16144 Adherens 12 1 0.447202
aAccession number, Swiss-Prot Release of 08/22/03.
bNumber of peptides identified.
cNumber of mapped transmembrane domains by the transmembrane hidden Markov model (TMHMM) at http://www.cbs.dtu.dk/services/TMHMM/
dGRAVY value calculated using ProtParam tool at http://us.expasy.org/
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summarized comparison between our results and both of
these previously reported studies in the overlap of 121
unique proteins that are considered as lipid raft proteins,
which represent 9% of all proteins, was identified within the
study (supplementary Tables S5). It is important to note that
we did not specifically bias our study for lipid raft proteins.
This significant overlap between our data and the datasets
of these two studies, however, demonstrates the efficacy of
this buffered methanol extraction, solubilization and tryptic
digestion for the analysis of protein components of lipid rafts
as well as plasma membrane proteins in general.
A solution-based multidimensional fractionation/MS/MS
method that employs a single-tube extraction, solubilization
and tryptic digestion of membrane proteins was developed
to allow a large-scale analysis of the plasma membrane
proteome of the human epidermis. The analysis resulted in
the identification of a substantial number of hydrophobic
integral membrane proteins, which is comparable with the
global proteomic strategies employed for the analysis of
global cell lysates. In contrast to other methods optimized
for membrane proteomics, the presented technique is de-
tergent and/or cyanogen bromide free and permits efficient
solubilization of very hydrophobic membrane proteins. Al-
though the majority of cell adhesion proteins identified in
this study are not of low abundance, it should be noted that
we were able to achieve an extensive proteomic coverage
of plasma membrane adhesion apparatus encompassing
many of the known plasma membrane linkers, including
very hydrophobic ones (e.g., claudins) and multipass plas-
ma membrane proteins (e.g., connexins). In addition, a large
number of corresponding attachment proteins were also
identified, indicating the applicability of this technique for
the analysis of membrane–protein complexes, regardless of
the hydropathy of proteins involved. Based on unambigu-
ous and proteomewide identification of previously cha-
racterized transmembrane linker proteins and protein
complexes of keratinocyte adhesion, we found that soni-
cation in buffered methanol has greatly facilitated the qual-
itative analysis of these very important cell-to-cell adhesion
and plasma membrane proteins. Importantly, this technique
should provide a solid analytical platform to conduct quan-
titative comparisons of protein expression in different ker-
atinocyte populations. Furthermore, this solution-based
technique permits the characterization of membrane pro-
teins associated with cholesterol-rich plasma membrane
microdomains (e.g., lipid rafts and caveolae) presumably as
a result of organic solvent-mediated cholesterol depletion.
These results show that the approach for solution-based
membrane proteomics presented within permits the global
characterization of membrane proteins with high protein
coverage and closely mimics ‘‘shotgun’’ approaches used
for the identification of soluble proteins.
Although admittedly speculative, it is worth estimating
what percentage of the total complement of membrane
proteins are identified within this study. Assuming 35,000
ORF within the human genome and that approximately
20–30% of these are predicted to encode for membrane
(Wallin and von Heijne, 1998), the maximum number of
membrane proteins expressed within the cell is on the order
of 7000. Assuming that only 25% of the ORF in the genome
are expressed under any given set of conditions, approx-
imately 1750 proteins would actually be present within the
cell membrane. Based on these simplistic assumptions, the
number of proteins identified in this study may represent at
least 25–35% of the membrane proteome of human epi-
dermis, and most likely more when the cellular location
(GO annotation) is defined for all of the 1306 proteins. These
results suggest that the field of membrane proteomics is
advancing quickly allowing for more comprehensive char-
acterization of membrane proteomics and enabling a better
understanding of membrane dynamics in the future.
Materials and Methods
Materials Newborn foreskins were obtained from the Cooperative
Human Tissue Network. Dispase was obtained from Becton Dickinson
Figure 3
Cell adhesion proteins identified from the keratinocyte plasma
membrane (transmembrane linkers are printed in bold font and
attachment proteins in normal font) are displayed in accordance to
their junction affiliation. The tight junctions are localized toward the
exterior of the epithelial cell surface whereas the adherens junctions are
situated distally from tight junctions. Desmosomes are depicted as
disc-like plaques that contain transmembrane linker proteins. Gap
junctions in human keratinocytes are clusters of tightly packed inter-
cellular plasma membrane channels. Basal epidermal keratinocytes are
attached to an underlying basal membrane via hemidesmosomes and
focal contacts.
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Discovery Labware (Bedford, Massachusetts). Sequencing grade-
modified trypsin was from Promega (Madison, Wisconsin).
Goat anti-human a6 integrin antibody was obtained from Santa
Cruz Biotechnology (Santa Cruz, California). Ammonium bicarbonate
(NH4HCO3), phosphate buffer, and formic acid were obtained from
Sigma (St Louis, Missouri). HPLC-grade methanol and acetonitrile
were from EM Science (Darmstadt, Germany). Bradford assay rea-
gents were obtained from Pierce (Rockford, Illinois). Ultra-pure water
was obtained using a Barnstead purification system (Dubuque, Iowa).
Plasma membrane isolation from human epidermal sheets Ep-
idermal sheets containing approximately 120  106 cells were gen-
erated from 12 newborn foreskins by dispase digestion (Stenn et al,
1989). The epidermal sheets were pelleted at 2000  g for 3 min and
washed in an ice-cold hypotonic lysis buffer containing 12.5 mM
NH4HCO3, incubated for 30 min on ice and homogenized with 100
strokes of a Potter–Elvehjem homogenizer (Thomas Scientific,
Swedesboro, New Jersey). The lysate was further homogenized
using a Branson microprobe sonicator (Branson Ultrasonics Corp.,
Danbury, Connecticut) (ten 10 s bursts). The lysate was then cen-
trifuged at 6000  g for 10 min; the pellet was discarded and the
supernatant was subjected to ultracentrifugation at 80,000  g for
30 min in a Beckman 50 Ti rotor (Beckman Coulter, Brea, California).
The pellet was resuspended in 4 mL of 25 mM NH4HCO3 and
placed at the bottom of a polyallomer ultracentrifuge tube (Beck-
man, Palo Alto, California) followed by gentle placement of four
discontinuous sucrose gradients using a bottom-up approach. Each
gradient, starting from the bottom of the tube, was made of 2 mL of
1.9, 1.6, 1.3, and 1.0 M sucrose solution, respectively. The sample
was centrifuged at 130,000  g for 3 h in a Beckman SW 40 Ti rotor.
After centrifugation, the bottom of the tube was punctured with a
25-gauge needle and 15-drop fractions were collected into 1.5 mL
tubes. Each sucrose gradient fraction was assayed for the presence
of a6 integrin as a marker for enriched plasma membranes. One
microliter of each of the 16 sucrose gradient fractions was blotted
on Immobilon-P (Millipore; Billerica, Massachusetts), which was
blocked with 5% (vol/vol) ECL blocking reagent in phosphate-buff-
ered saline (PBS), and incubated with goat anti-human a6 integrin
antibody diluted at 1:2000 in ECL blocking reagent. The membrane
was incubated with anti-goat IgG secondary antibody conjugated
with HRP (Santa Cruz) diluted at 1:3000, developed using the ECL
Plus system (Amersham) following the manufacturer’s protocol, and
exposed to Hyperfilm ECL (Amersham). The fractions that showed
the highest concentration of a6 integrin were pooled and diluted
10-fold in 25 mM NH4HCO3 buffer, pH 7.9 and centrifuged at
100,000  g for 1 h. After centrifugation, the supernatant was dis-
carded and the remaining pellets were resuspended in 100 mM
sodium carbonate, pH 11.3 and agitated for 1 h in order to release
non-covalently attached proteins. The plasma membrane frac-
tion was pelleted by centrifugation and resuspended in 50 mM
NH4HCO3, pH 7.9. The protein concentration was determined to be
0.6 mg per mL by the Bradford assay. Proteins were extracted and
solubilized from the plasma membrane by sonication in a 60% so-
lution of methanol in 25 mM NH4HCO3, pH 7.9, and tryptically di-
gested as described previously (Blonder et al, 2002). The sample
was snap-frozen in liquid nitrogen and stored at 801C.
SCX fractionation The plasma membrane digestate (  100 mg)
was resolved into 80 fractions by mRPLC (Agilent Technologies
Inc., Palo Alto, California) using an SCXLC column (2.1  200 mm
polysulfoethyl A, PolyLC Inc., Columbia, Maryland). An ammonium
formate/acetonitrile multistep gradient was used to elute the pep-
tides from the column at a flow rate of 200 mL per min: 2% B/0–2
min, 12% B/62 min, 62% B/82 min, 100% B/85 min. Mobile phase
A was 45% acetonitrile and mobile phase B was 45% acetonitrile
containing 0.5 M ammonium formate (pH 3). The separation was
monitored by native fluorescence with an excitation wavelength of
266 nm at an emission wavelength of 340 nm. The SCXLC fractions
were lyophilized to dryness and reconstituted in 15 mL of 0.1%
formic acid prior to mRPLC-MS/MS analysis.
Microcapillary LC-MS/MS Each of the 80 SCXLC fractions was
analyzed by mRPLC-MS/MS (Agilent 1100 capillary HPLC system,
Agilent Technologies, Inc.) using an ion trap (IT) MS (LCQ Deca XP,
ThermoElectron, San Jose, California). Microcapillary RPLC sep-
arations were performed using 75 mm i.d.  360 mm o.d.  10 cm
long capillary columns (Polymicro Technologies Inc., Phoenix, Ar-
izona) that were slurry packed in house with 3 mm, 300 A˚ pore size
C-18 silica-bonded stationary phase (VYDAC/The Separations
Group, Torrence, California). After injecting 5 mL of the sample onto
the column, a 20 min wash with 98% buffer A (0.1% vol./vol. formic
acid) was applied and peptides were eluted using a linear gradient
of 2% solvent B (0.1% vol./vol. formic acid in acetonitrile) to 65%
solvent B in 100 min with a constant flow rate of 0.5 mL per min.
The IT-MS was operated in a data-dependent mode where each
full MS scan was followed by three MS/MS scans, in which the
three most abundant peptide molecular ions were dynamically se-
lected for collision-induced dissociation (CID) using a normalized
collision energy of 38%. The temperature of the heated capillary
and electrospray voltage was 1801C and 1.8 kV, respectively.
Data processing and bioinformatic analysis The CID spectra
from the mLC-MS per MS analysis were searched against the hu-
man proteomic database using SEQUEST (ThermoElectron Inc.).
Only those peptides identified as possessing tryptic termini (con-
taining up to two missed internal cleavages) with cross-correlation
scores (Xcorr) greater than 1.8 for singly charged peptides, 2.2 for
doubly charged peptides, and 3.3 for triply charged peptides [each
with delta-correlation scores (DelCn) greater than 0.1] were con-
sidered as legitimate identifications. The subcellular location of the
identified proteins was elucidated from a GO classification from the
identified proteins (Expert Protein Analysis System proteomic
server, http://www.expasy.org). The average hydropathy for se-
lected proteins and peptides (GRAVY index; Kyte and Doolittle,
1982) was calculated using the ProtParam software available at
http://us.expasy.org. Species exhibiting positive GRAVY values
are considered hydrophobic and those with negative values are
considered hydrophilic. The mapping of putative transmembrane
domains in selected proteins, as well as hypothetical proteins,
was carried out using the transmembrane hidden Markov model
(TMHMM) algorithm (Krogh et al, 2001), available at http://www.
cbs.dtu.dk/services/TMHMM.
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Figure S1
Predicted amino acid sequence of hypothetical human protein
Q9ULK5 (upper row) aligned with that of mouse loop tail-associ-
ated protein (LTAP). The sites of absolute homology are in bold and
the carboxy-terminal PDZ domain within both proteins is underlined.
The approximate positions of the four predicted transmembrane do-
mains for the mouse protein are shown above the aligned sequences.
Figure S2
The sequence coverage of the facilitated glucose transporter pro-
tein (GLUT 1) that contains 12 mapped transmembrane domains
(red/bold font). Tandem mass spectrum of the doubly charged pre-
cursor ion (1065.6 MHþ , Xcorr 3.4568) detecting a fully tryptic trans-
membrane-spanning peptide SFEMLILGR that spans the fourth
mapped transmembrane domain. Tandem mass spectrum of doubly
charged precursor ion (1444.7 MHþ , Xcorr 3.4194) representing a fully
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tryptic transmembrane peptide GTADVTHDLQEMK. The sequence of
GLUT 1 showing all detected peptides (underlined) and the corre-
sponding transmembrane domains (red/bold).
Table S1. Comprehensive list of 1305 identiﬁed proteins.
Table S2. Receptor proteins identiﬁed in analysis of keratinocyte
plasma membranes.
Table S3. Identiﬁed caveolar marker proteins and their correspond-
ing functions.
Table S4. A subset of lipid raft proteins identiﬁed within the
keratinocyte plasma membrane.
Table S5. Comprehensive list of 121 uniquely identiﬁed lipid raft
proteins.
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